ABSTRACT
Increasing evidence suggests that reactive oxygen species (ROS) and oxidative stress are involved in PMmediated lung and cardiovascular injury. The physical characteristics and the chemical composition of particulate matter (PM) play a key role in ROS generation in vitro and in vivo. The mitochondria are major subcellular targets for PM as well as a source of ROS production. ROS production is due to interference in mitochondrial electron transfer and PT pore opening by pro-oxidative PM components. Another possible mechanism is direct physical targeting by ambient ultrafine particles that lodge in and destroy mitochondrial structure. An understanding of the mitochondrial effects of PM is key in understanding the mechanisms of PM-induced adverse health effects.
INTRODUCTION
Recent epidemiological studies have shown an association between increased exposure of ambient particulate matter (PM) and adverse health effects in both the respiratory and cardiovascular systems (1, 2) . Increased morbidity and mortality due to PM exposure has been observed in both long and short-term studies. Susceptible human subsets include people suffering from asthma, COPD, pneumonia, and other respiratory diseases as well as patients with cardiovascular disease and diabetes (3) . There is increasing toxicological evidence, both in vivo and in vitro, that PM-induced ROS production is an important mechanism contributing to PM-induced adverse health effects (4, 5) . In Southern California, PM that has been collected in the ultrafine range (< 100nm) have been shown Figure 1 . Sources of PM-induced ROS production and their cellular effects. Quinones, under the catalytic influence of NADPH-cytochrome P450 reductase, can redox cycle to produce ROS in the endoplasmic reticulum. Phagocytosis can induce the assembly and activation of NADPH oxidase to produce superoxide. PM can interfere in electron transduction in the mitochondrial inner membrane as well as perturb the PT pore to generate ROS. ROS induce lipid peroxidation in the cell membrane, crosslinking of protein SH groups, and DNA damage. ROS can also deplete GSH, resulting in redox dysequilibrium in the cell. Depending on the level of oxidative stress this could induce Nrf2 release to the nucleus, activation of MAPK and NF-kappaB signaling cascades or cytotoxicity. According to the hierarchical oxidative stress hypothesis, Nrf2 interaction with the ARE leads to heme oxygenase 1 and other phase II enzyme expression at lower levels of oxidative stress (Tier 1), while at a higher level of oxidative stress, activation of the MAPK and NF-kappaB signaling cascades can induce pro-inflammatory responses (e.g., cytokine and chemokine production) (Tier 2). At the highest oxidative stress level (Tier 3), ROS can induce the opening of the mitochondrial PT pore, followed by cytochrome c release, caspase-3 activation and induction of programmed cell death.
to be potentially more toxic than ambient particles of larger size, e.g. particles in the coarse (2.5-10 µm) or fine (0.1-2.5 µm) ranges. Particle-induced ROS production originates from the particle themselves as well as the chemicals coated on the particle surface. Additional ROS are being generated by the interactions of the particles and their components with cellular enzymes and organelles. The mitochondrion is a key subcellular target that contributes to ROS production and sheds new light on the mechanism of PM toxicity.
BIOLOGICAL PATHWAYS OF PM-INDUCED ROS GENERATION
PM-induced ROS production in biological systems and target cells originate from a variety of subcellular sources (Figure 1 ). These include: (i) catalytic conversion of polycyclic aromatic hydrocarbons (PAHs) to quinones by cytochrome P450 1A1 in the endoplasmic reticulum (6); (ii) quinone redox cycling by NADPHdependent P450 reductase in microsomes (7); (iii) mitochondrial perturbation leading to electron leakage in the inner membrane (8, 9) ; and (iv) NADPH oxidase activity in the macrophage surface membrane and associated phagosomes (10) . Both the particles as well the chemicals coated on their surface play a role in these biological events. This includes evidence for the involvement of transition metals as well as redox cycling organic chemicals.
Redox cycling organic chemicals, such as quinones, are capable of generating ROS in cellular targets such as bronchial epithelial cells, macrophages, and endothelial cells (11, 12) . Quinones are byproducts of fossil fuel combustion, as well as the enzymatic conversion of PAH in the lung (7) . Redox cycling quinones undergo oneelectron reductions by NADPH cytochrome P450 reductase to form semiquinones (7) . These semiquinones are metastable and donate electrons to O 2 , leading to the formation of O 2 .− (7). In the process, the original quinone may be regenerated with the possibility of more O 2 .− generation (i.e., redox cycling). Due to their high content of organic chemicals, ambient UFP contribute proportionally more redox cycling chemicals than larger particles, as demonstrated by the increased ability of ultrafine particles (UFP) to generate O 2 .− in the dithiothreitol assay (DTT) (13, 14) . This assay has been developed to quantitatively assess the content of redox cycling chemicals in ambient PM samples collected by ambient particle concentrators (13, 14) .
PM also contains a number of transition metals (coarse > fine > UFP) that can contribute to ROS production. Catalytically active metals present on the PM surface have been shown to contribute to oxidative stress in vitro and in vivo (15, 16 -dependent function of Cyp-D, the pore also contains putative quinone binding sites and vicinal thiol groups on ANT protein which can regulate the open/close status of the pore. Bcl-2 family proteins such as Bcl-2, Bax, Bak, and Bcl-xL also regulate PT pore function. PT pore opening leads to cytochrome c release from inter membrane space. Cytochrome c binding to APAF-1 leads to the formation of an apoptosome that leads to the sequential caspase 9 and caspase 3 activation, which can induce apoptosis. The electron transfer chain is composed of 4 complexes, along which electrons donated by NADH and FADH 2 are transferred along a decreasing redox potential gradient from complex I to complex IV. Energy dissipation along this gradient is used to pump protons from the matrix into the intermembrane space, thereby leading to the formation of the mitochondrial membrane potential. ATP synthase utilizes the proton motive force to produce ATP from ADP. During electron transfer, ubiquinone (Q) can accept an electron to form ubisemiquinone (Q .− ), which can transfer an electron to O 2 to form superoxide. Mn-SOD in the matrix catalyzes O 2 .− dismutation to H 2 O 2 . H 2 O 2 freely diffuses through the mitochondrial inner and outer membranes, which could lead to mitochondrial ROS to exert wider spread effects in the cell or cellular ROS to affect mitochondrial function. Transition metals can also catalyze . OH production through Fenton reaction and could also regulate the open/close status of the PT pore. ROS react and deplete GSH pool in the matrix. Ambient UFP can lodge in mitochondria with the possibility of releasing their chemical components to promote ROS production, PT pore opening and mitochondrial destruction. It is also possible, however, that the mitochondria can be damaged because of chemical release and ROS production elsewhere in the cell and that the particles enter the already damaged mitochondria. One mechanism by which this takes place is the increase in [Ca 2+ ] i that occurs as a result of ROS generation extra-mitochondrially. This increase in [Ca 2+ ] i is buffered by Ca 2+ uptake into the mitochondria. If this uptake leads to saturation of the mitochondrial Ca 2+ retention capacity, large scale PT transition leads to structural mitochondrial damage. The extent to which Ca 2+ -dependent and -independent processes contribute to PM-induced mitochondrial perturbation is difficult to quantify at this stage. It is apparent that the effects of aromatic PM chemicals proceed Ca 2+ -independently and that the effects of polar compounds and redox cycling quinones are mostly Ca 2+ -dependent.
( Figure 2 ). Mitochondria catalyze ATP production, which is linked to the activity of an electron transduction chain that operates in the inner membrane. The mitochondrial respiratory chain, which derives the electrons from NADH and succinate to O 2 consists of 4 multiprotein complexes in the inner membrane: the NADH dehydrogenase complex (complex I, NADH-ubiquinone reductase), the succinate dehydrogenase (complex II; succinate-ubiquinone reducrtase); the ubiquinol-cytochrome c reductase complex (complex III), and the cytochrome c oxidase (complex IV). This chain also includes two mobile or diffusible molecules, ubiquinone and cytochrome c, which function as electron transporters between complexes I, II and III, and between complexes III and IV, respectively. Electrons are transferred in a stepwise fashion along this chain, moving from a high to a low redox potential (21, 22, 23) . This ultimately leads to the formation of H 2 O (21,22,23).
The dissipation of electron energy during this "downhill" flow is used by respiratory complexes I, III, and IV to pump protons (H + ) from the matrix into the intermembrane space against a concentration gradient. This event leads to the formation of the mitochondrial membrane potential (delta-Psi m ) (21, 22, 23) . While efficient, this electron transfer process is not perfect. For instance, during the Q cycle, a two-step oxidation occurs in which ubiquinol is transformed into ubiquinone via an intermediary ubisemiquinone. The ubisemiquinone is capable of transferring electrons to molecular O 2 , leading to the formation of O 2 .− (21, 22, 23) .
Organic chemicals in the diesel exhaust particles (DEP) are capable of generating ROS by their ability to interfere in these electron transfer events (9, 11, 24) (Table  1) . This includes the effect of polar DEP chemicals, such as redox cycling quinones to disrupt electron transfer in the inner membrane. We have demonstrated that this interference takes place between complexes I-III (9), suggesting that redox cycling quinones such as 9,10-phenanthaquinone may disrupt the Q cycle that operates between complexes I and III. This disruption in electron flow could favor the formation of ubisemiquinones, thereby contributing to mitochondrial O 2 .− production (9,25,26).
Mechanism 2: Effects on permeability transition pore opening
In addition to depolarizing effects on the inner membrane, organic DEP chemicals such as quinones and PAHs also have the capability to perturb the mitochondrial permeability transition (PT) pore (9) (Figure 2 ). The PT pore is a redox-, pH-, Ca 2+ -, and delta-Psi m -dependent protein complex, which plays a pivotal role in regulating mitochondrial function and controlling cellular apoptosis (19, 27, 28) . Opening of the PT pore allows the nonelective passage of molecules of less than 1.5 kDa across the inner membrane, thereby leading to mitochondrial depolarization and uncoupling of oxidative phosphorylation (19) . In addition, the redistribution of small solutes across the inner membrane and of cytosolic proteins leads to extensive mitochondrial swelling (19) . Following the rupture of the mitochondrial outer membrane, various pro-apoptotic proteins such as cytochrome c, SMAC, AIF, etc., are released into the cytosol where they activate a number of apoptotic pathways, ultimately leading to programmed cell death (29, 30) .
Although PT pore composition remains controversial, its core components are generally believed to include the adenine nucleotide translocator (ANT) in the inner membrane, voltage-dependent anion channel (VDAC) in the outer membrane, and cyclophilin D (Cyp-D) in the matrix (19, 30) . The PT pore serves as a sensor for small molecules by displaying binding sites for divalent cations (e.g., Ca 2+ and Mg
2+
) and ubiquinones (19, 25, 26) . The PT pore is also sensitive to thiol oxidation, particularly a number of closely spaced thiols on ANT that projects towards the matrix, namely cysteine C56, C159, and C256 (19) . ROS crosslinking of C56 to C159, or C159 to C256, increases the probability of PT pore opening (19) . It is therefore not a surprise that the redox status of the ANT thiol groups is tightly regulated by changes in the GSH content of the matrix (19) .
In addition to its perturbation by thiol crosslinking, it has also been suggested that the PT pore may be regulated by a putative ubiquinone binding site, according to which ubiquinones can be classified into 3 functional classes, namely PT pore inducing, inhibitory or neutral ubiquinones (25) . It has also been suggested that this ubiquinone binding site regulates open/close transitions of the PT through effects on the Ca 2+ binding affinity of the pore (25, 26) . Our own studies have demonstrated, however, that redox cycling quinones presence in PM can regulate mitochondrial swelling in a cyclosporin A (CsA) dependent fashion (9) . Whether the putative ubiquinone binding site is also accessable to exogenous quinones, such as the 9,10-phenanthroquinone or 1,2-naphthoquinone, needs to be confirmed.
Mechanism 3: Indirect PM effects on mitochondrial function
Besides direct effects of PM components on mitochondria, the function of this organelle can also be indirectly perturbed by ROS ] i affects PT activity through the involvement of cyclophilin D (Cyp-D) (35) . The route of entry into mitochondrial matrix for Ca 2+ is through the uniporter. Cyp-D is a soluble matrix protein which is considered an integral PT pore component (19, 30) . When triggered by a rise in [Ca 2+ ] m , Cyp-D binds to ANT and induces a conformational change that leads to PT pore opening. CsA, a fungal metabolite, prevents this Cyp-D interaction with ANT, thereby interfering in PT pore opening. While this regulatory mechanism works well under physiological conditions, the inhibitory effect of CsA may disappear under high Ca 2+ concentrations, presence of heavy metals (e.g. Hg) and high levels of oxidative stress (35) . Under these conditions, it is possible that mitochondrial swelling can proceed independently of Cyp-D (35) . In order to explain this phenomenon, Lemasters et al. proposed that the mitochondrial PT pore exhibits a Ca 2+ -regulated as well as Ca 2+ -nonregulated states (35) . Under physiological conditions, where the cis-trans proline peptidyl isomerase activity of Cyp-D is maintained, the protein effectively functions as a chaperone that maintains its ability to interact with ANT, thereby imparting on the PT pore a CsA-inhibitable function. However, under conditions of oxidative stress and high [Ca 2+ ] i , considerable protein misfolding and clustering of native membrane proteins may disrupt the chaperone function of Cyp-D. This could lead to Ca 2+ -unregulated PT pore opening (35) . This could explain why isolated mitochondria undergo CsA-independent mitochondrial swelling when exposed to aromatic PM chemicals. These aromatic chemicals, including PAHs, are present in UFP, which also contain quinines. This chemical mixture may explain why mitochondrial swelling by UFP exhibit both Ca 2+ -dependent and -independent activities (9). H 2 O 2 generated in the cytosol freely diffuses across the mitochondrial outer and inner membranes, and could participate in . OH generation in the matrix through Fenton chemistry (33) . These ROS induce damage to mitochondrial lipids, proteins, and mtDNA. Mitochondria serve as an important intracellular calcium store that readily takes up Ca 2+ that is released into the cytosol from the endoplasmic reticulum, as described above. This is compatible with our observations that ambient ultrafine particles induce an increase in cytoplasmic and mitochondrial Ca 2+ levels in macrophages, in association with effects on mitochondrial depolarization (manuscript in preparation). Ca 2+ taken up by the mitochondria can be released by periodic flicking of the PT pore, thereby helping to maintain cellular Ca 2+ homeostasis as well as generating Ca 2+ propagation waves that are important in cell signaling. If, however, the PM-induced Ca 2+ increase in the cytoplasm of sufficient magnitude exceeds the Ca 2+ retention capacity of the mitochondria, irreversible PT pore opening may occur, with secondary consequences as described.
Mechanism 4: Direct physical targeting of mitochondria with structural damage
Mitochondria have been shown to be a direct subcellular target for ambient UFP (19, 14, 24) . Ambient UFP lodge in the mitochondria of target cells such as macrophages and epithelial cells after exposure to an aqueous UFP suspension (8, 14) . Morphologically, this manifests as disruption of the mitochondrial integrity, with disappearance of the cristae. Functionally, these changes are accompanied by a loss of mitochondrial membrane potential, decrease in mitochondrial mass, opening of the PT pore, ROS production and cell death (9, 14) . In contrast, ambient fine and coarse particles do not gain direct access to mitochondria but are still able to affect mitochondrial function indirectly through chemical release, ROS generation and [Ca 2+ ] i flux (5,14,36). We do not know whether structural mitochondrial damage by UFP is secondary to the UFP entering this organelle or whether the organelle is damaged prior to the particle intake into this subcellular site.
Although the mechanism of mitochondrial localization is still elusive, we hypothesize that particle size, hydrophobicity and presence of organic chemicals may play a role in the process. In this regard, we have observed that positively charged amino-modified polystyrene microsphere particles can decrease the calcium retention capacity of isolated mitochondria in a dosedependent fashion, while uncharged or carboxylatemodified microspheres do not have the same effect. It is possible that charge distribution across the mitochondrial inner membrane plays a role in mitochondrial targeting.
In addition to ambient ultrafine particles, other nano-sized materials (<100 nm) have also been demonstrated to localize in mitochondria. As early as 1970, de Lorenzo found that after intranasal instillation of colloidal gold particles (50 nm) in squirrel monkey, the particles crossed the olfactory nerve/mitral cell synapse and translocated to mitochondria localized in the mitral cells of the olfactory bulb (37) . Fullerenes are a new class of compounds with potential uses in biology and medicine. A fullerene derivative, C 61 (CO 2 H) 2 , has been found to be able to cross the external cellular membrane and localize preferentially in mitochondria (38) . Another example is block copolymer micelles, which are water-soluble biocompatible nanocontainers with great potential for delivering hydrophobic drugs . Fluorescent-labeled block copolymer micelles have been revealed to localize in several cytoplasmic organelles, including mitochondria, but not in the nucleus. These micelles may thus be worth exploring for their potential to selectively deliver drugs to specified subcellular targets (39) . In summary, mitochondrial targeting and damage could constitute an important mechanism of nanomaterial-induced toxicity, including engineered nanomaterials.
DISEASE AND SECONDARY CONSEQUENCES OF PM-INDUCED MITOCHONDRIAL DAMAGE
In addition to serving as one of the major sources of ROS production, mitochondria are highly susceptible to oxidative damage. ROS can damage mitochondrial enzymes directly, which further contributes to decreasing the effectiveness of the electron transfer chain and changing the mitochondrial membrane potential (deltaPsi m ). This leads to a vicious cycle in which more ROS can be generated. Other secondary consequences of mitochondrial damage include decreased ATP production, leading to an energy crisis, as well as ROS leakage to the extracellular environment with damage to the extracellular matrix and surrounding cells. .− generation, and release of intermembrane proteins (19, 24) . Irreversible PT pore opening can lead to apoptosis or necrosis. Apoptosis leads to the formation of apoptotic bodies that are intended for "silent" removal by bystander cells so as to avert an inflammatory reaction. It is possible, however, that the toxic chemicals present in apoptotic bodies may be disseminated to surrounding cells, which can be subsequently damaged by the release of those chemicals. Interference in ATP production could induce cellular necrosis as an event that supercedes programmed cell death. Necrosis is characterized by cellular lysis and release of the intracellular content, leading to an inflammatory response, with edema and possible damage to the surrounding cells.
Airway disease
While there is a paucity of data showing that PM can induce mitochondrial function in vivo, several in vitro studies from our group and other laboratories have shown that PM exert toxic effects on epithelial cells and macrophages (8, 11, 14) . PM chemical components play an important role in inducing ROS production from several cellular sources, as discussed before. If the level of oxidative stress exceeds the natural or inducible antioxidant defense of the cell, the response could transition to proinflammatory cytokine and chemokine production as well as the induction of a mitochondrion-mediated programmed cell death response (8, 11) . There is some in vivo evidence showing that acute PM exposure leads to degeneration of type I alveolar pneumocytes and epithelial cells, that could be instrumental in alveolar destruction with pulmonary edema, inflammation, destruction of alveoli, and even mortality (40) . Damage and shedding of bronchial epithelial cells can lead to airway hyperactivity in asthmatics. Other than ambient pollutant particles, it has also been demonstrated that particulates present in occupational exposure, e.g. fine silicon dioxide powder (41) or crocidolite asbestos fibers can induce mitochondrial ROS production and apoptosis in alveolar epithelial cells (42, 43) . It was also reported that the silicon dioxide particles can permeate the cytoplasm, mitochondria and nuclei of alveolar cells at the air-blood barrier in rat lungs (41) . Respiratory diseases, such as asthma, COPD, and interstitial fibrosis, are all considered to be inflammatory ailments that are linked to PM or occupational dust exposures (4) . There is a suggestion, therefore, that particulate and fiber-induced effects on the respiratory tract may be mediated, in part, by mitochondrial damage.
Cardiovascular disease
Compared with airway disease, there is more evidence linking cardiovascular disease with mitochondrial damage (44, 45, 46) . For instance, there is an association between mtDNA damage and coronary atherosclerotic hearth disease (47) , while a deficiency of mitochondrial antioxidants can promote the onset of cardiovascular disease in vivo (48) . PM is now considered a cardiovascular risk factor, and could be contributing to atherogenesis and cardiac rhythm disturbances either by direct effects on the heart or blood vessels, or through the impact on the lung. Direct effects are possible through the ability of ambient ultrafine particles to gain direct access to the systemic circulation, although the effect is still controversial. Through its ability to generate oxidative stress and inflammation in the lung, PM can impact the cardiovascular system by inducing systemic inflammation, including increased circulatory levels of IL-1, IL-6, TNFalpha, fibrinogen, factor VII, C-reactive protein, blood viscosity and oxidized LDL (oxLDL) (49) . Both oxLDL and free cholesterol can alter mitochondrial function (50, 51) . oxLDL has been shown to increase mitochondrial complex I activity and mitochondrial oxidative stress in endothelial cells (50) . In human macrophages, oxLDL can increase mitochondrial ROS production, decrease mitochondrial membrane potential, and induce apoptosis (52, 53) . Mitochondrial ROS production can further contribute to oxLDL formation (54) . oxLDL, together with other factors can promote the formation of atheromatous plaques in the arterial wall. It is also possible that through its effects on the cardiovascular system, the effects of oxLDL can synergize with the effects of pro-oxidative PM chemicals and ultrafine particles. This is in keeping with the data of Chen et al. demonstrating that concentrated ambient particles can promote atherogenesis in a mouse ApoE-KO model (55).
SUMMARY
Epidemiology has shown an association between PM exposure and increased respiratory and cardiovascular morbidity and mortality. There is increasing evidence that ROS production and oxidative stress at the cellular level may play a major role in the mechanism of PM-induced adverse health effects. Different PM components can interfere in mitochondrial function, including a possible direct effect of ambient UFP on mitochondrial function and localization. Mitochondrial damage leads to cellular energy failure, and the initiation of apoptosis. Inflammation and epithelial shedding in the lung could compromise lung function or lead to asthma exacerbation. Enhanced mononuclear cell infiltrates and apoptosis could also play a role in atherogenesis.
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